The hypothalamic supraoptic (SON) and paraventri cular nuclei (PVN) synthesize the antidiuretic hormone vasopressin (AVP), which plays an important role in regulating the osmotic pressure of the body fluid through changes in urine volume. Norepinephrine (NE) and the other adrenoceptor agonists, when unilaterally micro injected into the nuclei, have been already shown to decrease urine production resulting from an increase in plasma AVP level mediated through a,-adrenoceptors (1-7). An increase in AVP release induced by injection of NE into the SON and PVN is specific and the highest among the ones induced by injection of NE into the other hypothalamic nuclei (3). a2-Adrenoceptors in the nuclei do not appear to be involved in the regulation of AVP release (4). Noradrenergic neurons project to the SON and PVN from the A, and/or A2 region (8-13) and con sist of synapses with AVP-containing neurons in the nuclei (14). Electric stimulation of the A, or A2 region excites the neuron and promotes AVP release (9-11).
The SON and PVN exist in the right and left sides.
Neural connections between the contralateral and ipsi lateral nuclei are suggested by electrophysiological and anatomical studies (13, (15) (16) (17) (18) (19) . The four nuclei may cooperatively function for the regulation under physio logical conditions. However, neither their functional interactions nor the neurotransmitters involved in the connections are clear.
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In the present study, we focussed on the neural con nections to the left SON from the right SON, and we in vestigated the effects of NE, microinjected bilaterally into the SON, on the urine outflow rate; the data were com pared with the results from unilateral, right and left SON microinjection. In addition, we examined the influence of an electrolytic left-SON lesion and the effect of pretreat ment with antagonists in the left SON on NE-induced antidiuresis in the contralateral SON. The urine outflow rate is constant for several hours, and it is possible to continuously observe any changes. The objectives of the present study are to obtain pharmacological evidence for neural connections between the bilateral SON and to identify the neurotransmitters involved.
MATERIALS AND METHODS

Surgical procedure
One day before the experiments, male Wistar rats (280-350 g, 9 to 10-week-old; Kitayama Labes Co., Ina) were starved from 4 p.m., but allowed free access to water. On the day of the experiments, the rats were orally administered a volume of 5 ml/100 g body weight of tap water and, 45 min later, were also given the same volume of 12% ethanol for anesthesia. After cannulation into the urinary bladder, jugular vein and trachea, the rats were placed in a stereotaxic frame (Takahashi Co., Tokyo).
Measurement of urine outflow rate During the experiments, Locke's solution containing 3% ethanol was continuously infused at a rate of 0.10 ml/min through the jugular vein cannula. Administration of water and ethanol permits a measurably constant rate of urine outflow for approximately 6 hr. Drops of urine from the bladder cannula were counted with a photo electric drop counter (DCT 102; Unique Medical, Inc., Tokyo) every 10 min. Changes in the urine outflow rate after drug administration were presented as a percentage of the control level (the urine outflow rate before drug administration).
Administration of drugs
After the urine outflow rate became constant for at least 20 min, 1 p1 of a drug solution (NE: 0.5 80 nmol, phenoxybenzamine: 20 nmol, timolol: 100 nmol, atro pine: 300 nmol) was microinjected into the right, left or bilateral SON at a rate of 0.35 p1/min through the cannula (0.25 mm in outer diameter) connected to a microsyringe. For the bilateral administration, the can nula in the right SON had to be diagonally inserted at an angle of 12 degrees from the vertical line because of the design of the stereotaxic frame. The coordinate for the SON (6.3 mm anterior from lambda, 1.3 mm lateral from the midline and 8.9 mm ventral from the dural sur face) was determined according to the atlas of Konig and Klippel (20) . Three injections of the drugs were, at the most, performed in one animal.
Experiment for antagonists and lesion
We investigated the influences of antagonists microin jected into the left SON or left-SON lesion on antidiuresis induced by intra-right-SON microinjection of NE (20 nmol) in one rat. At first, the antidiuresis was confirmed after microinjection of NE into the right SON. When the decrease in the urine outflow rate recovered to the control level, one of the antagonists was microinjected into the left SON or a lesion was made by a lesion generator sys tem (Radionics RFG-4A Research RF Lesion Generator System; Radionics, Inc., Burlington, MA, USA). The electrode was 0.25 mm in outer diameter with an exposed tip 0.25-mm-long. The tissue temperature was raised to 55V for 60 sec. After 40 min, the second microinjection of NE into the right SON was performed in the same rat.
Histological identification
When the experiments were finished, the brain was removed after decapitation and coronal 30-pm sections were cut using a cryostat (Tissue-Tek II; Miles, Inc., Elkhart, IN, USA). The injection sites were verified under a microscope. Figure 1 represents the injection sites for bilateral microinjection of 5 nmol NE into the SON. The size of the lesion was 1.6 mm in height, 1.2 mm in width and 1.5 mm in length. Rats with incorrectly localized microinjection sites and lesions were omitted from the results. The following drugs were used: 1-norepinephrine bitartrate (Sigma Chemical Co., St. Louis, MO, USA), phenoxybenzamine hydrochloride (Nacalai Tesque, Kyoto), dl-timolol hydrochloride (Sankyo Co., Tokyo) and atropine sulfate (Iwaki Co., Tokyo). The other chemicals used were of the analytical grade available. Fig. 2 . The antidiuresis was slow in onset; the time to the maximum response being 30 min. The dura tion was approximately 70 min. NE, microinjected into the left SON, produced antidiuresis with a similar time course to that in the right SON. The potency for the an tidiuresis elicited in the left SON appeared to be almost the same as that in the right SON. Simultaneous micro injection of NE into the bilateral SON induced the most potent antidiuresis among the three administration routes. NE at 2 nmol, microinjected into the right or left SON, did not show any effects on the urine outflow rate. In contrast, microinjection of this dose into both the right and left SON elicited a potent decrease in the rate. The dose-response curve for the bilateral SON microinjection of NE significantly shifted to the left of the others (Fig.  2) . The ED50 values for the antidiuresis in the right, left and bilateral SON were found to be 15, 13 and 1.3 (in each side) nmol, respectively, from the dose-response curves in Fig. 2 . Microinjection of NE at 20 nmol was performed into the sites at a distance of 1 mm above the right SON, 1 mm rostral and lateral from the SON, to examine diffusion of the microinjected drug. None of the NE administered into the three sites outside the nucleus showed any significant effects on the urine outflow rate (Table 1) .
The antidiuretic response for KCI at 800 nmol in the left SON was not different from that in the right SON (Table 1) . We have already reported that KCI as a depolarizing agent elicited dose-dependent antidiuresis at a dosage range of 200 nmol to 1.6 pmol in the right SON using the same methods (5).
The vehicle (saline), microinjected into the right and bilateral SON, did not change the urine outflow rate (Table 1) .
Microinjection of NE into the right SON of electrolytic left-SON-lesioned rats
The difference in antidiuretic potency of NE admin istered bilaterally and unilaterally suggests the exist ence of neural connections between the two SONs. In order to verify this hypothesis, we investigated the effect on the urine outflow rate of NE microinjected into the right SON after an electrolytic left-SON lesion.
As shown in Fig. 3A , at 30-70 min after injection, there were statistically significant differences in the urine outflow rates before and after the lesion. The lesion diminished antidiuresis induced by the right SON microinjection of NE. However, a weak decrease in the urine outflow rate still remained. The lesion itself caused a temporary decrease in the urine outflow rate in two out of five rats (71 ° at 10 min, 68% at 20 min, 81 % at 30 min, 84% of the control level at 40 min after the injec tion; control level: 82 p1/min, n=2). For this reason, the second injection of NE into the right SON was carried out 40 min after the lesion.
As controls, microinjection of NE at 20 nmol was per formed in five rats lesioned at a site 3 mm above the left SON (sham-lesioned rats); and in six rats, the electrode was inserted into the left SON without an electric current (non-lesioned rats). In both experiments, antidiureses in duced by the first and second microinjection of NE at 20 nmol into the right SON were equivalent to each other (Fig. 3: B and C) . Pretreatment with atropine at 300 nmol (a muscarinic antagonist) in the left SON was performed 40 min before microinjection of NE into the right SON. Atropine, which by itself did not influence the urine outflow rate, showed no change in the effect induced by the right SON microinjection of NE (Fig. 4A) .
On the other hand, pretreatment of the left SON with phenoxybenzamine at 20 nmol (an a-adrenoceptor an tagonist) or timolol at 100 nmol (a 13-adrenoceptor an tagonist) at 40 min before the administration of NE in hibited the effects of NE microinjected into the con tralateral SON (Fig. 4: B and C) . The inhibitory effect of timolol was partial. Microinjection of phenoxybenzamine into the left SON did not change the urine outflow rate, but that of timolol alone in the left SON slightly increased it at 40 min after the administration (143:L5% of the control level at 40 min after the administration, control level: 115 ± 26 tl/min, n = 4). Fig. 4 . Effect of muscarinic and adrenoceptor antagonists on anti diuresis by microinjection of NE into the right SON. 0 and 0 in dicate the urine outflow rate after microinjection of NE at 20 nmol into the right SON in the absence and presence of the antagonists, respectively, (A: 300 nmol atropine, n=5; B: 20 nmol phenoxy benzamine, n=5; C: 100 nmol timolol, n=4). The pretreatment with the antagonists in the left SON was 40 min before the second administration of NE into the contralateral SON. The control urine outflow rate was 107 ± 9 j1/min. ap <0.05 vs 0 at each corre sponding time point. bP<0.05 vs the values at the corresponding time point after microinjection of vehicle into the right SON (Table 1) .
DISCUSSION
In the present study, we demonstrated that all micro injections of NE into the right, left and bilateral SON elicited dose-dependent antidiuresis and that the order for antidiuretic potency was as follows: the effect elicited by the intra-bilateral-SON microinjection > the intra-left SON microinjection = the intra-right-SON microinjec tion. The antidiuresis is suggestd to result from increased secretion of AVP, because microinjection of NE into the SON promotes AVP release (3, 4) and does not change the blood pressure (5). The most powerful effect elicited by intra-bilateral-SON injection of NE suggests neural contacts between the right and left SON. If two nuclei are independent, a drug simultaneously administered to both of them should produce the sum of the each effects elicit ed in the two nuclei. The presence of neural connections between the bilateral SON were also supported by the result that an electrolytic lesion of the left SON and the preteatments with the adrenoceptor antagonists in the left SON diminished the NE-induced effect elicited in the contralateral SON. However, this experiment merely shows neural connections from the right to the left SON, not reciprocal connections between the two nuclei. The inhibition by electrical lesion was partial and a weak, but significant, antidiuresis remained. Therefore, stimulation of NE applied to the right SON seems to be partly trans ferred to the contralateral SON, resulting in antidiuresis.
There is no anatomical evidence for neural connections between the right and left SON; however, electro physilolgical studies show contacts between them. Takano et al. (19) showed that one-third of the AVP containing neurons tested in the SON are excited by contralateral-SON electric stimulation. This is consistent with our present result. However, the other one-third were inhibited by it. On the other hand, the majority of oxytocin-containing neurons in the nuclei are excited by contralateral-SON electric stimulation. ,3-receptors in the nucleus decreased urine outflow rates to the same extents (5), although the mechanisms are suggested to be different (3) (4) (5) 21) . The inhibition by phenoxybenzamine was almost complete and seemed to be slightly greater than that by timolol. Therefore, a adrenoceptors may function more powerfully than ~3 adrenoceptors. On the other hand, phenoxybenzamine alone did not influence the urine outflow rate, and timolol alone elicited diuresis. This suggests that f3-adrenocep tors regulate urine production in the control condition. After all, adrenoceptors play an important role in the regulation of urine production. Also, the other neuro transmitters will contribute to the effect, since Takano et al. (19) conclude that neural connections between the bilateral SON are polysynaptic.
The pathway for these neural connections is not under stood. In general, the commissura anterior, corpus callo sum and commissura fornicis are the main tractus nervosi commissurales. Moos and Richard (16) concluded that the supraventricular gray commissura is important for interconnection of oxytocin-containing neurons in the SON, because synchronization of oxytocin-containing neurons in the bilateral SON disappears after inter hemisphere section (including the supraventricular gray commissura and the corpus callosum), but persists after superficial interhemisphere section limited to the corpus callosum. Therefore, the supraventricular gray commis sura is a possible pathway for interconnections of bilateral AVP-containing neurons in the SON. Also, the other contacts between the bilateral SON through the medulla oblongata, pons and so on are speculated. Moreover, there is a possibility that increased plasma concentration of AVP, after stimulation of the right SON, activated the contralateral SON through the other nuclei.
Nuclei in the thalamus, the hypothalamus, medulla ob longata and so on exist in both the right and left sides.
There is accumulating evidence that interconnections between bilateral nuclei are important for their functions (22) (23) (24) (25) (26) (27) (28) (29) (30) . In this study using a pharmacological technique, we demonstrated that adrenergic neural connections from the right SON to the contralateral SON are involved in the regulation of urine production by NE administered in the right SON.
